A high-frequency resonant horizontal scanner and a linearly driven vertical scanner at display frame rates can create a 2-D raster for video display. The combined motion of the two scanners forms a sinusoidal raster in the vertical direction where the raster line spacing is uniform only at the center and becomes progressively nonuniform towards the left and right edges of the display screen. Nonuniformities degrade the image quality and can be corrected by the addition of a third scanner to the system. Last year we reported the requirements and some of the early results in our MEMS-based raster correction scanner development effort. Since then, a lot of progress was made and the scanner was successfully incorporated into an SXGA resolution helmet-mounted display system. In this paper we report the results of thick copper coil development, new coil and magnet design for electromagnetic actuator, thermal flatness testing, new mounting design, and finally the performance measurements for the HMD system with a raster correction scanner.
INTRODUCTION
In this section we discuss the need for a raster correction scanner (RCS), RCS specifications, and why MEMS technology was selected for the implementation. In the following sections, we discuss the scanner mechanical design, thermal and mounting issues and test results, novel electromagnetic actuator design, and the test results of the HMD system incorporating the RCS.
Retinal Scanning Displays typically employ two uniaxial or one biaxial scanner where the horizontal scanner is operated at resonance, and the vertical scanner is driven by a linear ramp waveform 1, 2, 3 . The primary reason for the resonant sinusoidal operation of the horizontal scanner is to take advantage of the high mechanical gain (Q-factor) of the scanner at resonance. As illustrated in Figure 1 .a, the combined motions of the two scanners create a 2-D sinusoidal raster pattern where line-to-line spacing is uniform at the center of the screen and becomes non-uniform for points away from the center of the screen. As shown in Figure 1 .b and 1.e, the effect is worse when two-beams are scanning in parallel as in the case of our SXGA-resolution HMD systems.
An ideal raster pattern with equal raster line spacing can be obtained using a vertical scanner that creates a stairstep waveform instead of the linear ramp waveform. However, such a scanner requires large mechanical bandwidth (i.e., low-Q), high frequency and non-resonant operation, and large scan angle. It is not possible to meet all these requirements with one scanner at reasonable power levels. A better approach is to split the required stair step motion of the vertical scanner into combination of a linear-ramp at display refresh rate (60Hz) and a small amplitude triangular wave at exactly twice the frequency of the horizontal scanner, and to implement each waveform with separate scanners. The small triangular wave is approximated with a sinusoidal wave and implemented by adding a raster correction scanner or RCS to the system. It was shown that even the simple sinusoidal correction provides very good raster correction
• Operation frequency is 32 KHz for 1 st -order sinusoidal raster correction.
• RCS resonant frequency and operation frequency should be at least 5% apart to avoid synchronization problems with the horizontal scanner frequency, which can vary during operation due to temperature and other environmental effects.
• Desired scan amplitude is about 0.4 pixels (corresponding to about ±50 microradians tilt angle) • Mirror surface is 5x5mm and should be optically flat to within λ/10 during operation.
• The scan amplitude control should be kept within 10% and the phase error relative to the horizontal scan function should be within 3 o to maintain large usable scan angle and small vertical line-spacing error across the scan line.
• 1 st order sinusoidal correction is the simplest correction function that can be formed. However, if the correction to a higher-level, such as 2 nd -order correction, is desired, the scan waveform would contain frequency components of both 2 times and 4 times the horizontal scanner frequency. As may be expected, the correction requires a strict amplitude and phase relationship, not only relative to the horizontal scan function, but also between all frequency components in the correction waveform.
The RCS can be implemented using a number of different scanner architectures or actuation mechanisms. We prefer silicon scanners fabricated using MEMS technology and electromagnetic actuation. Use of MEMS technology provides important performance advantages. The RCS scanner can be microfabricated relatively easily with processes already developed in-house for 2-axis MEMS scanners used in other RSD products. Furthermore, a MEMS electromagnetic actuator developed for the RCS is very compact and takes up much less space than non-MEMS electromagnetic actuators. 
RASTER CORRECTION SCANNER DESIGN

Fabrication
Scanner fabrication steps are relatively simple. The starting substrate is a double-side polished silicon wafer. The mirror side is protected during the processing to maintain optical quality. The mirror and the flexures are formed using DRIE as opposed to KOH etch to maintain better tolerances while etching through the relatively thick wafer. A thin Al film forms a highly reflective mirror surface and the coils are deposited at the back surface (see figure 5 .b for illustration). The coils can be gold or copper. Copper has better electrical properties and weighs less, but gold adheres better to the substrate. First generation devices used gold and 2 nd generation devices use copper coils. Copper coil development is discussed in detail in Section 3.
Scanner natural-frequency selection
One can design the RCS to have a natural frequency above or below the nominal operation frequency of 32 KHz, but the two should be sufficiently far apart for good controllability and synchronization between RCS and the system clock. If the natural frequency is above the operation frequency (f n >f), the torsional stiffness, and, thus, torque and power requirements would be higher compared to the f n <f case. If the resonant frequency is too low, f/f n ratio becomes large and the drop in the scanner response amplitude offsets the gain due to the reduced stiffness. It is best to keep the resonant frequency close to the operating frequency to take advantage of the rapid increase in the mechanical gain factor near the resonant frequency, but not too close to avoid exceeding the phase and amplitude tolerances during operation as specified above. Assuming the operating frequency changes less than 100Hz during operation (i.e., horizontal scanner frequency changes less than 50Hz), the optimal choice for the natural frequency that minimizes the torque requirements is calculated to be around 31 kHz.
Wafer thickness and thermal considerations
The scanners are produced using DRIE etch through the entire wafer thickness. Our first generation devices used 300um wafers. For a scan mirror diameter of 5mm, frequencies in the 30 KHz range required the flexures had to be very wide (>2mm), which caused some of the bending to take place at the mirror surface, resulting in optical aberrations. The temperature of the mirror can change during operation due to ambient changes and also due to the heat dissipated on the coils. Figure 2 .a shows the experimental verification of the linear power relationship. The data were taken at room temperature using a thermocouple. Using the slope of the figure, the temperature rise coefficient is calculated as 0.190°C/mW.
In addition, the variations on the mirror temperature resulted in large deformations on the scanner surface due to thermal mismatch between the silicon, the coil material (gold in our first generation devices), and the top surface Al layer. Figure 2 .b illustrates the thermal deformation caused by 25 o C change in temperature for the 300um and 600um wafers. Thermal deformation problem in 2 nd generation scanners was minimal due to thicker Al layer and thicker substrate. Zero deformation can be attained when the coil thickness is adequate to cancel the bending caused by the 2um Al on the opposite side. To completely cancel the thermal deformation caused by the top and the bottom metals, the following relationship need to be satisfied:
where t is the mirror thickness, CTE is the coefficient of thermal expansion, A is the surface area covered by the metal, and E is the Young's modulus of the material for the coil metal and the mirror metal (Aluminum in this case). 
Mounting
In the first generation scanners, the stiffness of the frame that holds the scan mirror was insufficient and it vibrated together with the scan mirror. As a results, the measured resonant frequencies came about 20-25% lower than our FEA predictions. Increasing the wafer thickness in the 2 nd -generation devices to 600um and stiffening the mounting structure helped improve the predictions.
As illustrated in Figure 4 , the FEA prediction for the scanner resonant frequency for the 1 st generation 300um scanners was 28.6 kHz when the mounting frame was constrained as fixed in the model. Later when the mounting was allowed to move in the mode, the resonant frequency dropped to 26.7 kHz. Actual frequencies of tested devices ranged from 22.2 kHz to 24.4 kHz. Average error between predicted and measured natural frequencies was about 16% even when the mounting effects were included.
For the 2 nd generation devices, the FEA predicted frequency equals 32.6 kHz as shown in Figure 5 .a. Test results for this geometry yielded frequencies between 29.9 kHz and 30.2 kHz. The percentage error between the predicted and the measured scanner frequencies range from 8.3% to 7.3 %. This is a smaller error than that for the 300 um wafers; this is likely due to flexural cross-sections that are squarer for the thicker silicon and due to stronger mounting. 
ELECTROMAGNETIC ACTUATOR
Design
A moving coil electromagnetic actuator uses Lorentz force to move the mirror. Another paper in this proceeding discusses electromagnetic actuators for MEMS scanners in more detail 6 . The coil is deposited at the backside of the surface as described in Section 3.2. First generation scanners, shown in Figure 6 .b, used a single coil that covers the entire back surface of the mirror and two large magnets on either side of the scanner. Second generation scanners employed novel two-coil architecture, illustrated in Figure 6 .a, and novel magnet design that is placed underneath the coil, illustrated in Figure 6 .a and Figure 7 . The new magnet design takes advantage of the fringing fields and the magnets are substantially smaller than the 1 st generation magnets. The 2 nd generation electromagnetic architecture has significantly smaller volume and larger torque compared to the 1 st generation scanners. The assembly of the magnets requires a special fixture. 
Coil plating
First generation RCS used gold coils that were about 6um thick. As given in the table below, gold has higher resistivity, and is heavier than copper. Further, the CTE mismatch between gold and aluminum is worse than that of copper and aluminum, resulting in larger thermal deformation of the mirror. The resistance of the coil is inversely proportional to the coil thickness, thus power dissipated at the coil can be reduced if the thickness of the coil can be increased. Coils also add weight to the structure. We calculated the optimum coil thickness to be in the range 10-20µm for different designs. In our 2 nd generation scanners we developed a thick copper plating process to reduce power requirements. 
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Copper plating is a well-established process and has been used extensively outside of the MEMS arena for years. The chemistry is well understood and the formulations used in these traditional bulk-plating methods are readily applicable for use in the formation of MEMS devices. However, the plating methods commonly used, even in somewhat closely related industries such as printed circuit boards, do not generally provide the precise control and uniformity that may be required for precision MEMS designs. To bring up a useful copper process for this application, the primary focus was on issues relating to uniformity of plating across four inch wafers: wafer fixturing, bath/flow control, and electrical field optimization. A standard sulfamate copper solution was selected. The anode is a 99.99% pure copper rod custom formed to minimize interaction with the fluid flow in the bath. The bath and wafer fixture was designed to provide uniform even flow with minimal interference to the flow around the wafer. The wafer jig (holder) was custom designed and built to provide even 4-point contact to the wafer with little to no loss of current at the contact points. The wafer is firmly held in place in a vertical orientation to allow for even extreme flow or agitation as needed. Baffling in the bath was designed to be modular to allow for easy experimentation with flow rates at the wafer surface.
Copper plating solutions have high efficiency and throwing power. This allows for easy coverage of odd features and deep cavities, but also has the negative effect of enhancing non-uniformities in the electrical field. When plating copper onto a four-inch wafer, the outer edges of the wafer tend to plate thicker than the center. This can be attributed to decrease in the potential as from the edges to the center of the wafer. For many other metal systems, this can be offset by introducing "thief" structures to take advantage of these lower efficiency solutions and create a current "shadow" to balance out the effect. For copper, the near 100% efficiency makes it much more difficult to take advantage of this shadow effect.
In this effort, a good deal of time was optimizing a thief structure for maximum uniformity across the wafer. Everything from a simple ring to an elaborate basket structure was used and the edge to center uniformity measured. The ratio of the current split between the wafer and the thief was also controlled, as were the total current and duty cycle. Some improvement was noted with the more elaborate configurations, but was not significant enough to overcome the added difficulty associated with using them. In the end a simple ring was chosen to give the most improvement with the least complication. Even so, the edge to center non-uniformity was not completely eliminated.
The standard resist coat was modified to be approximately 30% greater than the target metal thickness. Based on the plating rates of the earlier work and rough estimates of the relative area of the final mask to the test mask, the plating time was adjusted to give the desired result. Lastly, to reduce any remaining nonuniformity that could be attributed to flow variations in the tank, the wafers were periodically rotated in the jig to normalize the inconsistencies. In the end, the final wafers were plated with 10 microns of copper with better than ±0.75 micron uniformity, which was good enough uniformity for this project.
SUMMARY REMARKS AND SYSTEM RESULTS
A thick copper plating process, 600um thick DRIE process, novel 2-coil architecture, and novel compact magnet design that utilized fringing magnetic fields were developed within the scope of the RCS project. The 2 nd generation RCS with 10um thick dual copper coils and the new magnet design is integrated into an SXGA-resolution HMD system delivered to the US Army and the RCS project came to a successful completion.
Our initial target for power dissipation was to stay below 100mW. The system-integrated scanner has a resonant frequency of about 31 KHz, meets all the thermal, mirror flatness, scan-angle, and frequency requirements, and it dissipates only about 20mW of power. Figure 8 shows that the text readability is vastly improved by having a raster correction scanner in the system. Even 8pt text is easily readable even near the edges of the display screen. Figure 9 shows the improvement in the contrast modulation when the raster correction scanner was on for various line-on/line-off type images. 
